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I. Introduction
Experimental tests were conducted with a pulse detonation engine using metallized gelled propellants. It was theorized that the addition of the metal particles would increase the energy of the fuel and also potentially increase the laminar flame speed of the detonating mixture of air and fuel. Experiments were designed to investigate the performance, ignition, and detonation characteristics of JP-8/aluminum metallized gelled fuels in an airbreathing pulse detonation engine.
The NASA Glenn Research Center is currently investigating hybrid Constant Volume Combustion Cycle Engine (CVCCE) concepts in which detonative (or near detonative) combustion replaces constant pressure combustion. Figure 1 illustrates method of using the PDE in a gas turbine and a supersonic to hypersonic engine. When utilized in a hybrid gas turbine engine, pulse detonation combustors have the potential of significantly increasing fuel efficiency due to their higher thermodynamic efficiency relative to conventional, near constant pressure combustors. However, the use of a pulse detonation combustor in a gas turbine engine poses numerous technical challenges including combustor/turbine compatibility and combustor cooling and durability issues. Reliably detonating a jet engine fuel at hundreds of cycles per second, efficiently, in a compact device is a major technical challenge in itself. The combustor system must also meet the additional constraints imposed by the emissions of nitrogen oxides and particulates.
As part of the Revolutionary Aeropropulsion Concept (RAC) Project, considerable efforts were made to explore the use of nanoparticulate, metal based fuels for aerospace applications. Unfortunately, due to the termination of the RAC project, it looked like the opportunity to test these propellants in a relevant combustion environment might be missed. It was decided that a brief test program (of approximately two weeks duration) utilizing existing CVCCE rig hardware might be beneficial to both the RAC and CVCCE programs. From a technical standpoint, metallized fuels provided the CVCCE program with a risk reduction strategy, if detonating neat jet fuels at gas turbine operating conditions proved too difficult. It was envisioned that a puff of metallized fuel injected in the spark region might release sufficient energy upon combusting to greatly aid the transition to detonation process.
II. Why Metallized Gelled Propellants?
Metallized gelled propellants have been investigated experimentally and theoretically for many years. The density increases allowed by adding metal particles to gelled liquid fuels have been analyzed for many space and aerospace missions (refs. 1 to 17). Also, these fuels can improve safety by reducing the radius of accidental fuel spills, increase the payload capacity of the vehicle, and reduce the fuel slosh typical of maneuvering aerospace vehicles. With gelled propellants, the engine can be throttled, allowing longer range flight missions than solid rocket powered vehicles. Figure 2 shows the application of gelled fuels for military missiles (ref. 17 ). The added range is possible by pulsing the engine on a winged vehicle, or by using a highly efficient gas turbine engine for cruise during a major portion of the flight. For higher acceleration toward the target near the end of the mission, a metallized gelled propellant rocket engine would be reignited for the final part of the mission. Appendix A shows the increases in density allowed with metallized gelled fuels. For a 16 wt% metal loading, the JP-8/aluminum density was increased by 12 to 13 percent. At a 60-wt% metal loading, the density would be increased 70 to 75 percent. Such high density increases can significantly reduce the vehicle size over the nonmetallized gelled cases and allow for improved vehicle packaging
III. Why PDEs?
A pulse detonation engine may be a good candidate for subsonic or transonic airbreathing vehicles (ref. 18 to 29). Figure 3 shows the typical cycle elements for the PDE (ref. 23 ). Testing and analyses conducted by many organizations have tried to determine the best application for PDEs. Recent studies have both shown promise for its application in military systems, and some recent work has suggested that it may be useful for civilian aircraft. In some cases, detonation noise concerns may be a stumbling block for this application (ref. 18). Recent work (refs. 19 and 20) illustrated in figure 4 has shown the importance of supercharging or placing a compressor in front of the PDE for improved performance, and overall the best velocity regime may be in the high subsonic, transonic, and low supersonic range.
IV. PDE Applications
Engine designs for PDEs have been analyzed for several low speed and high speed applications (refs. 18 to 29). Figure 1 illustrates two PDE Applications (ref. 22) . Using it in a gas turbine engine may reduce the complexity of the engine combustor. Using it in the low speed part of a supersonic vehicle may increase the efficiency at speed below Mach 2 (refs. 19 to 29). Many design studies have show advantages of PDEs with high speed aircraft (ref. 26) . More recent thermodynamic studies have illustrated the most useful applications and the related velocity regimes. Using the PDE in subsonic and low supersonic regimes offers the best use (refs. 19 and 20).
V. Metallized Gelled Propellants and PDEs
Adding metal particles to the combusting flow was thought to allow a higher laminar flame speed and increase the energy of the combustion process. Experiments were planned to test this theory. Often with metallized gelled fuels, there is a 2 phase flow loss that reduces the specific impulse (Isp) performance of the fuel over the theoretical maximum performance. However, with the use of nanoengineered particles, it is thought that the 2-phase flow losses in the engine exhaust would be reduced.
VI. Fuel Formulation
Several fuel formulations were created with 4.9, 8, 12, 16, and 25 wt% of aluminum particles in the gelled fuel. The particles were nanometer sized (60 to 100 nm diameter) and created with an aluminum vaporization process (ref. 30) . A nanoengineered gellant material was used (refs. 2 and 3). A surfactant, Tween 85, was used to assure better dispersion of the gellant in the gelled fuel (ref. 8) . Table I shows the different metallized gelled fuel formulations. Our initial selection for testing was a 5-wt% loading of aluminum in the JP-8/aluminum. As testing proceeded, we created other propellant formulations, and noted the reduction of added oxygen for the fuel tests with increasingly higher aluminum loadings. 
A. Fuel Selection and Formulation
The primary liquid fuel selected was JP-8 (ref. 31). This fuel was selected as it is typically used in designed for future high energy missiles and is planned for future high speed aircraft. Based on past rocket experience, other options that were considered but not pursued were RP-1/aluminum formulations. As JP-8 and RP-1 were sufficiently similar in physical characteristics, only one base fuel option was tested.
Aluminum additives were selected as a typical additive based on past historical selection criteria for performance and for their relative ease of handling. Aluminum particles in the 60 to 100 nanometer diameter range were obtained from Technanogy, LLC (ref. 32) and used in all of the formulations. Figure 5 gives an overview with many particles and it shows a lacy structure between the many particles. This lacy material was part of the standard sample holder used to hold the particles while being analyzed and imaged in the TEM machine (ref. 33) . Figure 6 shows a close up of several particles. Figure 7 shows a close up of the edge of the aluminum oxide layer that coats the particle. Based on the imaging, the particles were confirmed to be approximately 60 to 100 nm in diameter.
B. Aluminum Particles and Gellants
The thickness of the oxide layer is quite important in determining the fuel additive energy potential. With a 100 nm particle, the amount of aluminum in the particle can be as high as 70 to 80 percent. This is based on the particle oxide layer being 2.5 nm thick. As the particles become smaller, the fraction of Al goes down to about 40 to 50 percent in a 20 nm particle. Thus, the 60 to 100 nm diameter particles were used for the initial PDE testing. The breakup of the aluminum oxide coating in an aluminum combustion process is discussed in references 34 and 35.
Gellants were selected on the basis of past testing. Nanoengineered gellants from TRW (now Northup Grumman Space Technology) were hydrocarbon alkoxide materials created with a sol gel process (refs. 2 and 3). These gellants were formulated to reduce the total mass of gellant needed for effective gelation and the gellant has a surface area of approximately 800 to 900 m 2 /g (refs. 2 and 3). This surface area is 2 to 3 times higher than completing particulate SiO 2 gellants (refs. 2 and 3). The fuel was formulated in the Research Combustion Laboratory (RCL) Cell 11 of the NASA Glenn Research Combustion Laboratory (RCL). Using a glove bag, the components of the fuel were mixed in controlled amounts using a precision electronic scale. Nitrogen inerting was used in the glove bag to prevent water exposure to the nanometer size aluminum particles. Care must be taken to prevent ignition of the particles with exposure to water vapor in the air. Once the particles are mixed in the fuel, the ignition problems are more benign.
After mixing of the metal particles, gellant, liquid fuel, and surfactant, the mixture was subjected to ultrasonic mixing (with a sonicator). The fuel components were mixed in a small pint quantity containers with an ultrasonic probe protruding into the metallized gelled fuel. This mixing was conducted for up to 15 minutes. Temperatures of the metallized gelled fuel were monitored with a thermocouple in the mixing vessel. Mixing was slowed if the temperature of the fuel or tank locally exceeded 200 °F.
VII. Experimental Setup: Pulse Detonation Engine Test Hardware
The PDE was tested in Cell 21 of the Research Combustion Laboratory (RCL) at NASA Glenn Research Center (ref. 36) . Figure 8 shows the general cell configuration with 2 test stands. The metallized gelled fuel PDE tests were conducted in September 2003. Figure 9 shows the overall PDE engine schematic. The engine is a modular design that can be as long a 6 feet. Various injectors and igniters can be used with the engine. Location of the igniters can be varied as well.
Testing was conducted with an initial metal loading of 5 wt% aluminum. It was selected as it delivers the highest value of rocket specific impulse for O 2 /RP-1/aluminum (refs. 9 and 11). Later analyses were conducted with detonation simulation software (ref. 37, CEA code), and additional metal loadings up to 25 wt% were tested.
The metallized gelled JP-8 PDE testing was conducted in Cell 21 of the Research Combustion Laboratory (RCL, ref. 36) at NASA Glenn Research Center on the CVCCE Testbed. The CVCCE Testbed, shown in figures 10 through 13, was designed to be a highly modular rig to accommodate a variety of experimental configurations for investigating detonative phenomena. The inner diameter of the chamber sections on the testbed is 2.055 in. Oxygen and nitrogen were mixed to simulate air and a significant portion of the testing used oxygen enriched air. For the metallized gelled JP testing, the testbed was configured similarly to previous GRC JP detonation testing and similar to the configuration run at the Naval Postgraduate School (ref. 29) . A bellmouth shaped head end mixer as well as a 12 in. Schelkin spiral obstacle geometry were used for most of the testing.
The major change for metallized fuel testing was the addition of a small high pressure positive displacement piston cylinder in the fuel system. The stroke of the cylinder provided a reliable and consistent slug of metallized fuel to be introduced to the combustor through the injector. The injector, shown in figure 11 , was mounted at the head end of the device. The injector consisted of a BETE fog nozzle permanently affixed to a head end flange that was bolted to the rig. The fog nozzle has a central, pneumatically controlled pintle that meters the fuel and air flow. The pneumatics of the pintle were controlled by two high speed Flodyne valves. A Unison controller/exciter unit was used to control the timing of the high speed valves as well as the firing of the spark plug. A single wall mounted spark plug was used with a typical energy of 500 mJ. The speed of transit of the combustion front was determined using an array of high speed pressure transducers located axially down the rig. The high speed pressure data was sampled and recorded at 900 KHz.
The use of a small high pressure positive displacement piston cylinder allowed effective and consistent flow of the metallized gelled fuel to the injector. As with previously performed rocket testing, after daily testing was completed, the fuel was evacuated from the feed system (ref. 15 ). Figure 13 shows the engine being cleaned at the end of a test day after a series of test runs. The engine proved reliable with the gelled fuel feed system. Table II provides the overall test results for the metallized gelled JP-8/aluminum tests. Figure 14 shows the oxygen addition versus metal loading in the JP-8/aluminum fuel. The data are shown for a wide range of test conditions for the metallized gelled fuels. A general trend of reduced O 2 for ignition is evident. The data show a trend of reducing O 2 needed until reaching a metal loading of 12 wt% aluminum. Higher metal loadings then require larger amounts of added O 2 . The lowest required amount of O 2 is 21-wt%. This value is below that which is typical of the 23-wt% O 2 available in standard air. It should be noted that the velocity of detonation was achieved in only some of the test data points of figure 14 , and table II.  TABLE II.-PDE IGNITION TESTING WITH METALLIZED GELLED Weak detonations produced Figure 15 presents the C-J velocity for JP-8/aluminum metal loadings. Table III shows the theoretical, gas phase Chapman-Jouget (C-J) detonation velocities for various weight loadings of aluminum with Jet-A in the fuel. For a simulated air (23.2% oxygen by weight) environment at atmospheric pressure and temperature, a monotonic increase in C-J velocity and burned to unburned gas pressure ratio occurs as the percentage of aluminum loading in the fuel increases. As expected, a significant rise in C-J velocity and compression ratio occurs as the oxygen content of the air is increase at a given 16 percent metal loading. Due to the very small size of the nanoparticulate aluminum particles, a significant portion of the mass of the particle can be the aluminum oxide layer that forms on the exterior of the particle. The last row of table III shows the minimal effect on detonation parameters if a significant portion of the mass (37.5 percent) is composed of aluminum oxide. There was some concern about being able to directly ignite these propellants without an auxiliary ignition source (i.e., a torch igniter). However, these concerns were unfounded. Ignition of the combustor was obtained with a direct spark source for all metal loadings of the fuel with the exception of the 25 percent metal loading. Ignition of this weight loading proved very difficult. Table II summarizes the tests that were conducted with metallized aluminum/JP-8 fuel on the CVCCE testbed. V23 and V34 are the combustion wave velocities measured using the time interval between pressure spikes between high speed pressure transducer 2 and 3 and 3 and 4 respectively. The maximum pressure is the highest pressure spike recorded on any of the high speed pressure transducers on the device. The pressure transducers were numbered 1 through 5 from the injector end to the exhaust end of the device. Several hot fire tests were conducted with neat JP-8 (no metal added) to confirm rig operation. These tests with neat JP-8 also were used to verify what had been seen previously during liquid jet fuel detonation testing at GRC and elsewhere, that below an oxygen concentration of approximately 30 percent by weight, it was not possible to obtain detonations or rapid detonation like combustion. In this relatively short rig configuration (22 in.) , full C-J velocities were not obtained even for the neat JP cases most likely due to a lack of length to fully transition to a detonation.
VIII. Data Interpretation
At metal loadings of 4.85 and 8 percent no appreciable decrease in the amount of oxygen enrichment necessary to obtain detonation like combustion is observed. Although the intended fuel/air ratio for these tests was stoichiometric or just on the rich side of stoichiometric, this was not always achieved due to the difficulty of metering these flows.
At a metal loading of 12 percent, combustion wave velocities 74 percent of the C-J velocity were measured at oxygen enrichment fractions below 30 percent. At a metal loading of 16 percent, combustion wave velocities 86 percent of the C-J velocity were obtained at oxygen enrichment fractions below 23 percent. Thus detonation like combustion was achieved at atmospheric temperature and pressure at oxygen fractions similar to those of standard air. A typical high speed pressure trace from one of these tests is shown in figure 16 .
IX. Observations
During testing, only single shot firings of the PDE were conducted with the metallized gelled fuel. Multiple shots were not planned as we wished to see if any improvements were possible with the gelled fuel. In many cases, improvements in the detonation velocity were observed. Further testing and analyses will be required to optimize the configuration of the PDE.
After the engine testing, the engine was partially disassembled, allowing us to clean any residual fuel in the PDE detonation tube and feed system. Images of a small amount of residual fuel are shown in figure 13 . Also, at the end of the test day, residual fuel in the feed system was expelled. This expulsion prevents unwanted fuel drying when it is exposed to air (ref. 15 ). This feature is a prime part of the safety aspects of gelled fuels touted by the military services. Unwanted leakage would stop quickly, preventing any fratricide of other vehicles in the area.
X. Concluding Remarks
Metallized gelled fuels have many applications in aeronautics and space flight. While the applications of PDEs are in the future, testing should continue to reveal the best operating points for these engines. Increased metal loading testing would allow better packaging of the fuel in the missile or other aerospace vehicle. The combustion efficiency for the higher metal loadings has not yet been investigated, and is a good area for continued research. Improvements of the PDE with the use of a compressor section seem warranted.
XI. Conclusions
A metallized gelled JP-8/aluminum fuel was created to be combusted in a pulse detonation engine. The fuel was formulated successfully with JP-8, nanometer sized aluminum particles, and nanoengineered gellants. Using a sonicator, the fuel was well mixed for the testing, and remained stable for the 1 to 2 week time span from formulation to engine firing. Metal loadings in the JP-8/aluminum were from 4.85 to 25 wt%. Gellant amounts used were 1 to 2.4 wt% Using the JP-8/aluminum with nanometer-sized metal particles, the combustion in the PDE was achieved without added oxygen addition. A minimum metal loading of 12 to 18 wt% allowed the JP-8 aluminum combustion without oxygen addition. A PDE with metallized gelled fuels has the potential for reducing the dependence on added O 2 for ignition and simplifying the engine design. Also, by increasing the fuel density the metallized gelled fuel can make the vehicle more compact. Metallized gelled propellants and propulsion can offer many vehicle advantages and create a bright future for many high energy aerospace visions.
